The clinically important coronary segmental anatomy has been described in a format useful for quantitative analysis and standardized display. We have determined the intrathoracic location and course of each of the 23 coronary artery segments and branches commonly used for clinical description of disease. Measurements were averaged from perpendicular angiographic viewpairs in 37 patients with normal-sized hearts. Each segment or branch is described by several points along its course; each point is specified in polar coordinates as the radial distance from the principal coronary ostium and by angles about the patient, corresponding to those describing rotation in c-arm radiographic systems. This computer-assisted measurement method is accurate to within ±0.2 cm (SD) and ±20 in phantom studies. Coronary segment location among a group of normal-sized hearts can be specified to within ± 1.0 cm (SD). For example, the left anterior descending coronary artery segment at the apex of the heart is 12.2 ± 1.0 cm from the left coronary ostium, 32 ± 40 to the left of the anterioposterior axis, and at 46 ± 70 of caudal angulation. There are several clinically important applications of this new knowledge. First, this anatomic format provides the basis for estimating regional myocardial contraction and the relative size of the myocardial region at risk from a given arterial occlusion. Second, precise knowledge of "normal" segment location greatly simplifies the computation of dimensional correction factors for quantitative arteriography. Third, viewing angles most appropriate for videodensitometric assessment of lesion lumen area may be computed from these data. The theoretical basis and numerical values needed for most of the above estimates are provided. Finally, a computer program has been written to generate a three-dimensional tree-branch vascular model from these anatomic locations. This easily used interactive program aids in teaching coronary angiographic anatomy and, of importance, permits selection of viewing angles that "best" visualize the traditionally difficult parts of the coronary tree. (Circulation 1988;78:1167-1180 Knowledge of the intrathoracic spatial locations of specified coronary segments may prove useful for several reasons. First, this knowledge could facilitate the generation of three-
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As a first step toward exploring the applications outlined above, we describe a computer-assisted measurement of the intrathoracic location of all major artery segments in patients with normal-sized hearts and determine the mean values and the population variance of these measures. Implications of these results for the quantitative analysis of coronary disease are discussed, and we provide examples of their application.
Several systems for shorthand classification of the coronary segmental anatomy and its variations have been suggested.1-3 A major disadvantage of these numeric coding systems is that the numbers bear no relation to the recommended45 or to the commonly used names for the coronary branches; furthermore, these systems differ among themselves. In the process of specifying coronary segment location, this report also presents an easily remembered, concise, and clinically useful system of coronary artery segmental coding.
Patients and Methods Patients
Thirty-seven consecutive patients, aged 26-77 years, were selected from a general catheterization laboratory population in whom coronary angiography had been performed in standard perpendicular views; in whom heart size on radiography, global ejection fraction, and end-diastolic LV chamber volume (16 patients) were within normal limits (-0.50; 50-90 ml/m2); and in whom there were no valvular abnormalities or long-standing hypertension. None had evidence of cardiomegaly, LV hypertrophy on electrocardiography, or symptoms of heart failure. Twenty-one of these patients had arteriography for study of atherosclerosis progression, and LV angiograms were not performed; none of these 21 had Q wave myocardial infarction on electrocardiography. This group of 37 patients with normal-sized hearts is further described in 
Anatomic Representation
In each coronary arteriogram, the anatomic segments shown in Figure 1 were located (not all segments are labeled). Although coronary anatomy tends to be somewhat more variable than Figure 1 suggests, it was possible in every case to specify segments that corresponded approximately to these standard ones. In most cases, these segments were easy to locate, and in no case was a major branch ignored in this process. The left main (LM) has a single segment. The left anterior descending coronary artery (LAD) is separated into four segments ( Figure 1 ) defined by its origin from the LM, the first septal perforator (S1), the third septal perforator (S3, not labeled in Figure 1 ), the cardiac apex, and its terminal point on the inferior wall. S3 commonly arises near the bend of the LAD in RAO views and often is near the origin of the second diagonal. These landmarks may serve as alternative markers. If none of these is identified, the L2-L3 transition is defined as halfway from S1 to the cardiac apex. Branches of the LAD included the three largest septal branches (S I-S3) and the three largest diagonal branches (D1-D3). A median ramus (MR) branch was present in six cases as an anatomic variant arising at the trifurcation of the LM. Due to the variable nature of the branches that originate at or very near the bifurcation of the LM, the angiographer must decide whether supply the inferior septum of the LV. With a left dominant anatomy, the inferior wall vessels arise from the LCx, as described above.
The coronary artery coding system used in this study ( Figure 1 ) is compared with the numeric coding systems suggested by the American Heart Association1 and the Coronary Artery Surgery Study2 (CASS) in Table 2 . Specific artery segments are not equally defined in each system, thus some comparisons are approximate. Vessels included in these other systems, but not ours, include a third right posterior lateral (CASS 8), the inferior septals (CASS 9) , and a third left posterior lateral (CASS 26).
Measurements-Theoretical
We represented the three-dimensional intrathoracic spatial locations of coronary anatomic points in polar coordinates because the rotation of conventional c-arm radiographic equipment can be described in the polar notation of Figure 2 . The axes of the conventional u-arm systems are somewhat different. As seen in Figure 3 , the location of an anatomic point is specified as a vector from the center of the left or right coronary ostium to the point. The ostium of the artery normally perfusing that segment is, by convention, the origin of the vector. Thus, there are two axial systems, one originating at the right coronary ostium for the RCA system and the other at the left coronary ostium for the LCA system. The radial dimension, r, reflects the absolute distance, in centimeters, from the coronary ostium to the anatomic point. The theta dimension, 0, reflects the angular rotation (leftward positive) of this radial vector about the long axis of the body. The phi axis, (, corresponds to the I) and axes used in defining the thoracic location of artery segments and an example of points selected to be digitized. The x (lateral), y (cephalad), and z (anterior) axes are fixed in the patient with the origin at the left coronary ostium. Each artery segment was trisected along its length, and the midpoint of each resulting third section was found. Along the segments of the major arteries, the proximal midpoints, midmidpoints, and distal midpoints ((3) were digitized, whereas in arteries branching from the main arteries, the point of origin (a), proximal midpoints, and midmidpoints (.) were digitized, as illustrated here for the mid-left anterior descending coronary artery (L2), first septal (Si), and second diagonal (D2). By convention, 0 is positive to the left of the anterior (z) axis and (D is positive above the x-z plane.
caudocranial angulation (cephalad positive) of the radial vector.
Figures 2 and 3 provide the geometric relations defining the thoracic location (r. 0, and (D) of an anatomic point in terms of measured locations in a perpendicular angiographic view pair oriented relative to the fixed coordinate system.
Measurement Methods-Data Entry
The coronary angiographic films were projected at a magnification of x 1.5. Frames with clear images were selected exclusively at end diastole to avoid variance attributable to motion of the segment during the cardiac cycle. After frame selection, all branches of the coronary artery tree were identified in the above terms and were traced manually from two perpendicular angio views. Arteries were traced in color code (LAD, septals, marginals, etc.) from their origin to the most distal visible point of the largest terminal branch.
In six cases, both coronary ostia could be located as the RCA catheter was rotated during aortic root flush injection. The location of the RCA ostium was thus determined relative to the LCA.
The traced anatomy was then reduced to a set of 102 defined points in the following manner: each segment shown in Figure 1 was lengthwise trisected and the midpoint of each third of the segment was identified, as shown in Figure 3 . For each artery, we digitized the ostium and the location of the scaling segment of the catheter into a Digital Equipment Corporation VAX-1 1/750 computer (Maynard, Massachusetts). We then digitized the midpoint of each third section of each segment of the LM, LAD, LCx, and RCA. For the septal, diagonal, marginal, and inferior wall branches, we digitized the branch origin and the proximal-and midmidpoints. For an OM, the branch origin and midmidpoint of the stem artery, 
Results

Segment Location
The intrathoracic locations of all major artery segment points along the LM, LAD, and its branches in 30 patients with right dominant anatomy are given in Table 3 . Also, the location of the nontapered "scaling" region of the left Judkins catheter nearest to the left ostium and the location of the right coronary ostium were determined. Similarly, the (r, 6,) locations of segmental points lying along the LCx coronary artery are listed in Table 4 .
Artery segments of the RCA and the nontapered region of the RCA catheter nearest to the right ostium have their (r,0,D) locations listed in Table 6 addresses the question of whether sex contributes to a significant difference in segment location and whether variance in segment location might be reduced by normalizing for LVEDV033 or BSA. Although differences did exist between the average RCA locations for the men and women in the study, they were not significant. Normalization with LVEDV033, but not with BSA, slightly reduced the variance of these estimates in the population studied, although sample size is small.
Styrofoam Block Calculations
Comparisons between computed and actual measurements of the pinhead locations in the block showed a high degree of accuracy in each viewpair, and repeated measurements in one of the view-pairs indicated a high degree of precision. This information is summarized in Table 7 . In the three 750 LAO-15°RAO projections, the mean percent r error (±+ SD) was -0.1% (±+ 2.3%), the error in 0 was 1.3°( ± 2.30), and the error in was -0.60 (±2.1°). The slightly greater error that is found in the view-pair containing cranial angulation may be a result of the views not being strictly perpendicular.
Effect ofX-ray Beam Divergence on Vessel Diameter Estimates
The divergence of the x-ray beam results in selective magnification of vessels that are closest to Figure 1. ). *Measurements specified in polar coordinates of Figure 3 , relative to right coronary artery ostium. Figure 1 . If one ignores minor branches, the number and location of vessels in this system correspond closely to the observed vascular supply of the various myocardial regions. For these reasons, we believe this simple, clinically relevant descriptive system has advantages over the numerical coding systems.
In a given angiographic view, if the vessel segment to be measured is closer to or further from the radiographic source than the -scaling catheter segment, selective (out-of-plane) magnification of the vessel occurs. Correction for this image distortion, due to x-ray beam divergence, is greatly simplified by knowledge of the three-dimensional relations among the cawtheter and arterial segments for the "average normal" heart. To correct the distortion without this knowledge, one must measure the distance of the lesion from the scaling catheter in two perpendicular views. ' The error due to x-ray beam divergence is highest when the x-ray beam is parallel to a line passing between the artery segment and the catheter segment. The magnitude of this error, as estimated in Figures 4, 5 , and 6, this program teaches the appearance of the coronary artery tree in any specified cineangiographic view and easily allows one to gain an appreciation of the effect of various rotations and of adding cranial or caudal angulation. It graphically illustrates views in which vessel foreshortening and vessel superimposition can be avoided, aiding selection of the best cineangiographic viewing angles. The plots generated by this program emphasize the importance of cranial angulation in viewing FIGURE 6 . Stereoscopic display of combined right and left coronary arteries as seen from 300 left anterior oblique (LAO) with 100 caudocranial angulation. This stereoscopic view pair was generated by the computer program described in the text. By crossing one's eyes slightly to superimpose the two vertical lines above these images, the reader may create a third coronary image intermediate between these two that will appear in full three-dimensional perspective.
350 LAO! 100 Cran the proximal portions of the LAD and the inferior wall vessels.
Appendix Obtaining a True-Scale Image
To reduce an angiographic image to true scale, optical and uniform x-ray magnification may be compensated by a zero-order scaling process with the catheter, of known diameter, as a scale factor. Pincushion distortion is a small source of selective image magnification with our modern equipment and small (5-6 in.) image fields and is neglected in this analysis. An important source of selective magnification, discussed in the text, is out-of-plane magnification due to divergence of the x-ray beam, for which a first-order correction term must be included in the scaling process.13 Thus, correction factors CFL and CFR in the respective perpendicular LAO and RAO views are defined such that a projected dimension in that view is reduced to its true dimensions when multiplied by CF. RAO views and their coordinates are subscripted R, and LAO views and their coordinates are subscripted L.
where XL is the true scale x coordinate of the arterial segment in the LAO view; XL is the projected x coordinate of the arterial segment in the LAO view; F is the ratio of the two different projector magnifications used for tracing the catheter diameters and the arteries (here, 4.35:1.5 = 2.9); CW is the known catheter diameter; CWL, CWR are the traced dimensions of the catheter segments in their respective views, magnified x 4.35 for catheter tracing; DL, DR are horizontal distances separating the artery segment and the traced catheter segment in the respective views, rotated as specified in Equation 10 below; and mL, mR are coefficients characteristic of the x-ray system and are defined as the rate of change of the correction factor with distance along the axis of the divergent x-ray beam. The mL and mR for our system are +0.0032/cm and 0.0032/cm. respectively, in the 6-in. angiographic field used. The initial terms F . (CW/CWL) in the correction factor expressions simply state that the catheter segment is used as a scaling device. The beam divergence terms containing mL and mR permit a first-order correction for differential magnification resulting from anatomic separation of the arterial and catheter segments along the x-ray beam axis.
Vector Algebra and the Vector Representation of Coronary Anatomy Once a point in the three-dimensional arterial anatomy is represented as two projected points in the two true-scale perpendicular angiographic image planes of Figure 7 
The "dot" product of two vectors is a scalar value that is defined as the product of their absolute lengths, multiplied by the cosine of the angle between them:
For the special case of two vectors of unit length, their dot product is the cosine of the angle between them. The "cross" product of two vectors, V x W, is a third vector whose orientation is perpendicular to the plane defined by V and W, whose magnitude is lvi x Iwi sin(v,w), and whose Where OR and 0L are RAO and LAO rotations of the imaging system about the patient long axis, relative to the anterior (Z) axis, and 1R and 'DL are degrees of radiographic caudocranial (+) angulation above the x-z plane or craniocaudal (-) below this plane.
The unit vector along the third, YR= YL, axis ( Figure 7) is, by definition, the cross-product: IR XUtL.
Thus:
The image planes of Figure One notes from this that if PL or (DR iS zero, (OL -OR) must be 90°. Table 9 gives representative sets of viewing angles that satisfy this constraint.
A further constraint on the view coordinate system is that the y axes in each of the views should coincide. Thus. the YR value measured for a point in the true-scale RAO image should equal the Yt, measurement in the LAO. That condition is not met by the two perpendicular view planes of Figure 2 but is met in Figure 7 after rotating the two sets of x-y axes by WR and L, respectively, so that YR and YL coincide. In practice, this is achieved by rotating the projected image (i.e., by rotating the projector head) by an amount -WR and -WL. These two rotational angles are computed from the dot product of the x-ray view unit vectors with a unit vector oriented along the line of intersection of the opposite imaging plane and the x-z plane (see Figure 7) . Table 9 provides representative values of C0R and Thus, for the purposes of this study or for determining the exact location of an arterial segment point in a given patient, all measurements should be made from images formed in perpendicular planes satisfying Equation 9 . The images, ordinarily filmed with the lower border perpendicular to the patient long axis, must be rotated (mechanically or mathematically) by -CR and -WL as specified by Equation 10 and reduced to true scale with Equations 1 and 2. It should be repeated that these equations apply strictly to c-arm radiographic equipment; transformation to u-arm or U-L systems is described by Wollschlager et 
Compensation for X-ray Beam Divergence These vector algebra relations may be used to simplify the method for computing the out-of-plane magnification (beam divergence) correction, the second terms of Equations I and 2. The distance DR, which separates the arterial point of interest and the scaling catheter segment in the projected, appropriately rotated RAO view, must be measured manually and entered into Equation 1 to correct for beam divergence effects in the LAO view. Instead of performing this tedious ritual, the value dR, estimated from the average normal heart, may be calculated by computer and substituted for CW/ CWL * DL in Equation 2. dR may be determined as Lhe dot product of the RAO x-ray view unit vector UR (1, OR, 'DR) and the vector extending from the catheter point to the arterial point. The latter vector is found as the difference between the ostiumcatheter vector t (rc, Oc, () and the ostium-arterial vector A (ra, Oa, 'Da), both of whi h are available in Tables 3-5 . Thus (attending to U R direction)
-dR = ( Y-t) . OR Using expressions 4, 5, and 7 above, -dR=(cos'DR sinOR) (ra cos5Da sinOa-rc cosDc sinGc) + (sinlDR) (ra sinl'a -rc sinlc) +(cosDR COSOR) (ra cos(Pa cosOa-rc cos4)c cosO,)
By multiplying, regrouping, and using the trigonometric identity, ( The distance dR, which is the true-scale separation of the scaling catheter and arterial segment point along the x-ray beam axis, is thus uniquely determined by tabular data for the "normal" heart and by the orientation of the x-ray beam to the patient. It can be substituted for CW/CWL * DL in Equation 2, with a similar substitution for Equation Tables  3-5 . The length of each side (a, b, c) of each triangle may be determined as the square root of the sum of the squares of the components of the difference vector defining that side of the triangle. Once the lengths a, b, and c are estimated for a given triangle, its area may be estimated by Heron's formula area = V's(s -a)(s -b)(s -c) (20) where s = 1/2 (a + b + c).
The myocardial risk region associated with occlusion of a given vessel at a specified point would be the fraction of the entire LV epicardial surface, computed as above, covered by the distal ramifications of the occluded vessel. This estimate would include, as an approximation, one half the computed area between the distal branches of the occluded artery and its neighboring vessels. Regional myocardial contraction (contraction fraction) may be estimated in similar fashion by calculating the area of a triangle formed by three readily identifiable epicardial coronary branch points at end systole and end diastole. Thus, for the triangular epicardial area (A) served by a given proximal coronary segment (e.g., OM), computed from perpendicular views in systole (s) and diastole (d), the epicardial contraction fraction (ECF) is ECFM AoMd -AOMS OMd (21) 
